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ABSTRACT

A study has been made on underwater shock waves produced
by exploding wires. Details on experimental equipment and pro-
cedure are givenfor both circuit and pressure measurements. The
influence of capacitance, inductance, and gap length on maximum
shock pressure P_ is discussed. Experimental results correlating
initial capacitor voltage (between 10 and 30 kv) with P are given.
An increase of voltage and gap length along with a decrease in
inductance all tend to increase P . Byu sing the empirical P Vs
voltage cu 'rve and extrapolatmg to zero P_, a voltage is obtained
which corresponds closelyto wire subhmatlon energy. Reproduc -
ibility, expressed quantitatively by standard deviation, is within
2 percent. The ease of P variation, along with reproducibility,
‘indicate the suitability of this method of shock formation as a
research tool.

PROBLEM STATUS

This is an interim report; work on this project is continuing.
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UNDERWATER SHOCK WAVES FORMED
BY EXPLODING WIRES

~ INTRODUCTION .

An underwater shock wave is produced between a pair of submerged electrodes by
the rapid discharge of a capacitor through an exploding wire. The resulting plasma also
dissipates radiant and thermal energy. This report deals only with acoustic or shock"
wave energy, the predominant energy conversion effect (1a, 2).

Chemical explosives and underwater sparks can also be used to generate shock waves.
Explosives lack good reproducibility and, for a given explosive, shock wave variables are
more difficult to vary since the chemical reactiontimes are fixed. While underwater sparks
allow easier control of shock wave variables, reproducibility is poor (1b). Exploding wires,
however, offer both advantages — reproducibility and convenient shock wave variation.

The purpose of this report is to discuss and present experimental work which cor-
relates initial capacitor circuit parameters with the maximum shock wave pressure?
Shock wave reproducibility is also discussed. Reproducibility and ease of variation indi-
cate the suitability of this method of shock formation as a research tool, that is, in
observing the effect of a shock wave on a test specimen, whether it be concerned with
biology or the plastic deformation of metals.

BASIC CIRCUIT

The basic circuit of the capacitor method of exploding wires is shown in Fig. 1.
When S, is closed, E can be used to charge C through R, to the required voltage. The
voltage is indicated at V,. Breakdown, or closing of S,, then allows the capacitor, to

discharge through S, and G.

The wire at G undergoes rapid heating and expansion. After vaporization, the resulting
ionized fluid is termed a plasma. Shock wave development depends upon plasma (and
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Fruo T - Basic circuit of the capacitor method for exploding wires
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" presaure disturbance propagates radially outward and eventually steepens into a shock
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_generated gas bubble) expansion. The inertia of the surrounding water resists accelerated
moVEmait of-thiepiagiia wall, resultifig inthe deveélopiment of high pressure, Thig positive

front or wave.

Figure 2 shows a photograph of the discharge circuit. Four coaxial cables are used in
parallel to minimize circuit resistance and inductance. To avoidreflections and shock wave
distortions, a nondirectional type of geometry was used at G, Wires were held by clamp-
type electrodes which had tungsten inserts (Fig. 3). This arrangement is similar to that s
used by Bennett (3) for vacuum studies of exploding wires. For purposes of insulation and T
waterproofing, the cable-electrode junction was potted in a high-dielectric epoxy resin.*®

Figure 4 is a block diagram indicating the general layout of the discharge circuit,
along with pressure and current diagnostic equipment.
DISCHARGE CIRCUIT MEASUREMENTS

The following discharge circuit parameters can be used to control shock wave
variables:

fn
H

C - capacitance
v, - voltage to which the capacitor is initially charged
L - total circuit inductance

R - total circuit resistance, which includes the average
resistance of the spark and wire gaps.

The average resistance of the discharge circuit is influenced by the initial resistance R,
which can be discussed in terms of wire material, dlameter, and length, along with elec-
trode gap length.

1t should also be mentioned that, beside the circuit parameters, the physical and
chemical properties of the liquid media influence shock variables (4a). The electrode-gage
geometry also affects the measured shock pressures (5),

Capacitance, measured with an impedance bridge, was held constant at 0.5.f. Voltage,
measured with an electrostatic voltmeter, was varied between 10 and 30 kilovolts. If in
a rate-oi-change-of-current oscillogram {Fig. 5) the period of oscillation in an under-
damped circuit 1/LC >> R3/4L2 is measured, the inductance may be calculated from
f = 1/¢2n /[T). The value obtained for the circuit used was 325 x 10 “® henrys. Circuit
resistance includes the constant resistance of the leads, along with the resistance of S,
and G which both change with time. With the gap at G shorted out, the average resistance
of the circuit (with v, at 20 kilovolts and an S, gap length of 5/18 inch) was 0.05 ohm.
This value was calcu‘iated from a slightly damped oscillogram using the damping factor
e-Rt/2L during the time interval 2,55 to 5.2 . sec.

§ mﬂ’;:ﬁl’ﬁ!ﬁ?”{.}'ﬂi:.t}ﬁﬂt:'ﬁ’:’.‘:t.‘.“'J'_'_'.’l‘ JoRlTRL

The current in the discharge circuit can be measured directly with shunts or by inte-
grating the voltage induced (by current change) in a Rogowski coil (6) or pickup loop
secondary circuit., The pickup loop method of current measurement has the advantage of
not being connected to the discharge circuit. Low-inductance shunts, which give greater
accuracy, are of two types: ribbon (1c) and coaxial (7).t At NRL the pickup loop shown in
Fig. 6 is used for capacitor-discharge current measurements (8).

e

#Castiplast No. 11, National Engineering Products, Wash., D.C.
{The coaxial design is presently commercially available from T and M Research
Products, Albuquerque, New Mexico.
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Fig, 2 - Discharge circuit equipmoent

Fig. 3 - Clamp-type clectrodes
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Fig. 4 ~ Block diagram of diacharge circuit
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Fig. 5 - Rate-~afe=change~af-current ascil~
logram from a shorted gap capacitor dis-
charge. Horizontal scales 1 usec/division,
This tracc was used to calculate the dis-
charge cisrui' inductance.

APICKUP LOOP '/COAXML CABLE

| . TO SCOPE OR
,gﬁ RC INTEGRATOR

7
CABLE SURGE IMPEDANCE RESISTOR TERMINATION

Fig., 6 - Pickup loop circuit used in NRL
capacitor-discharge current measurements

The pickup loup was pusitioned near the discharge circuit so that the induced voltage
fell within the voltage sensitivity range of a Tektronix 545A oscilloscope. Regarding the
discharge circult as the primary and the pickup loop as the secondary, the expression

Ty Vace , where M is the mutual inductance, (83
dt M

gives the rate of change of current in the discharge circuit, Integration of the rate of
change of current gives the discharge current

oty g
I -2 dt. 2
" “6[ * @)

An RC integrator (9), shown schematically,

—A W I )
V. I CI V'
I
gives the primary current as
I(y, = (RC/M) VOt (3)
where
-1 ¢
Vitie J v dt. @)

[/}
The calibration of the pickup loop requires the determination of M. This is straight-

forward if L, R, and C are known, Both L and C were accurately measured. The
value of R, computed from the damping factor, represents an average value of S, and

&
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{
the linear circuit resistance (with G shorted out), and this value is assumed to be nearly

constant over a time interval equal to the period, During this same time interval, a
peak current is computed.

The value of current as a function of time in a linear, underdamped (or oscillating)
LRC circuit (10} is

_v_g_ e-R!/ aL 5)

Ity = sin wt
L

w

where

w = onf = VI7Le - R2/4L2, (8)

If 1/LC >> R%/4L2, and if t_ is the time at a peak current where sin ot % unity, then

I, =V, Yo e R/, )

For v, = 20 kitovolts at ¢t = 3.2 = sec (Fig. 7), and with the values of L,R, C as
previously calculated,

H = 19,230 amps.

max

Using Eq. {3) with the integrator values R, = 20000, c, = 0.1.f, and scope voltage 0.04

volt recorded at t_~= 3.2 usec,

RV 2« 107004 x 1072
T rax 1.923 x 104

= 4,2 x 10710 henrvs

M

to within an accuracy of 10 percent.

Fig. 7 -1, oscillogram for calculation
of the mutual inductanceM. Vertical scale:
12,000 amp/division; horizontal scale:
lusec/division. Capacitor discharge
voltage v = 20 kv.

PRESSURE MEASUREMENTS

Gage Geometry and Circuit

Shock waves were generated in a stainless steel tank (4 ft high and 4 ft in diameter)
filled with fresh water. A gage holder positioned on the bottom of the tank oriented a
1/4-in.~-diam tourmaline gage * in an edge-on (gage axis parallel to wire axis) position
(Fig. 8) at a distance of 6 inches from the exploding wire. All pressure measurements

%#Crystal Research Incorporated, Cambridge, Mass.
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172 IN.

—_—— < =—— - WIRE AXIS WIRE () = = = =

SIDE
VIEW

--------- GAGE AXIS cace*'?'" -L---
TO SCOPE 174 IN. DiIAM
TOURMALINE GAGE

Fig. 8 « Front and side views of page position
with respect to the wire axis

SHOCK WAVE
J \J J
WAX GAGE
COPPER £ POXY COVERING
TUBING

COAXIAL CABLE

Fig. 9 - Gage housing

were taken with this geometry held constant. The gage housing (Fig. 9) includes a copper
tube for electromagnetic shielding and wax* for waterproofing and prevention of gage
oscillations.

When a shock wave strikes the gage, a charge is produced across the total circuit
capacitance. For short coaxial cable lengths, the voltage measured across this capaci-
tance is directly proportional to the absolute value of the shock wave pressure (1l1a).

o= == GAGE — =~ L =SCOPE~ ~

4 RN v R \
[ SPe L= ‘ L BET d jvx
\ \% / ;T T ,\ % J /l

V(1) T 0()/C = C V (t)/C = RAP()/C

where

v, = oscilloscope recorded voltage as a function of time
P = pressure (psi) as a function of time
KA = crystal constant ( uucoul/psi)

»Compound C-276, manufactured by Zophar Mills, Brooklyn, N.Y.
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C = sum of cable C_, and terminating c  capacitance (uufy

equivalent electrostatic capacitance of gage
R_ = leakage resistance of crystal

oscilloscope impedance ( =10 % ohins)
charge (coul) as a function of time

v.( 1= emi produced by gage as a function of time:

g}
) 1

un

o
n

The shock variables recorded include the maximum pressure P and the corresponding
pressure decay P(ty.

Experimental Difficulties

Only P measurements could be taken uninfluenced by gage oscillations along with
electrostatic, gage hysteresis, and other distortions. Multiple peaks observed on some
pressure traces (Fig. 10) might be the result of nonlinear interference of pressure fronts
from different parts of the wire (11b). Even for the r, measurements, absolute values
differed by 15 percent between tests run some time apart, and between tests run with dif-
fercnt gages and wax coatings. When a test was completed over a short time interval and
with the same diagnostic setup, the data was found to be consistent although ahsolute
values still differed. Therefore, rather than compute absolute values of presaure,
reduced or normalized values of pressure (i.e., generated voltage) are usually given.

Fig. 10 - Multiple pressurc peaks,
possibly associated with nonlincar
interference of pressure {ronts
fromdifferent parts of the exploding
wire, A 0.5«in.-long, S«mil-diam
nichrome wire was used at a gage-
to-wire distance of 6-in. Vertical
scale: 220 psifdivision; horizontal
scale: 20 usec/division.

Other problem areas in measuring shock variables included (a) oscilloscope baseline
drift, (b) lowering ot leakage resistance by water seepage between the gage-to-cable con-
nections, and (c¢) ground loops. These and other problems are discussed by A. Caggiano

et al, (4b).

When the capacitor is discharged, the rate of change of current induces a voltage in
the gage circuit at the gage-to-cable connection (Fig. 9, left)., This signal presents no
problem, however, since it decays before the shock voltage is generated and is actually

used to trigger the scope sweep.

More detailed information on shock measurements using tourmaline gages may be
found in the literature (12).

R ey et e T




PEAK PRESSURE VARIATION

Voltage (Energy)
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In capacitor discharge applications, V, isthe most convenient of the initial param-
elers (vy, L.Ry. and C) to vary. Experiments were performed at NRL to correlate ©_

and Voo

At a particular vV, P, was observed for a number (between one and five) of dis~
charges, Over the voltage range 10-30 kv (25-225 joules), &, was held constant using
0.5-in. long, 5-mil-diam nichrome wire. At 30 kv the average peak piezoelectric voltage
generated by four separate shock waves was set equal to unity. This average peak voltage
corresponded to ', ¥ 480 psi. At lower values of vg, the average ' was expressed as

some decimal fraction. Typical pressure pulses at
Notice that the 30-kv pressure pulse has a greater area (corresponding to greater acoustic

0 and 30 kv are compared in Fig, 11,

energy) under the curve. Figure 12 shows the corresponding current trace for the 20-kv
discharge. Comparing Fig. 12 with Fig. 13 (the current trace of the exploding wire in
air) it is seen that greater damping is achieved with an underwater discharge.

(a)

(L)

Fig. 11 - Comparison of underwater Pety traces for {(a) 20-kv (100 joules)
discharge and (b) 30-kv (225 joules) discharge. For both discharges R, was
kept constant by using a 0.5-in.-long, S-mil-diamnichrome wire at a gage-
to-wire distance of 6 in. Vertical scale:110psi/division;horizontal scale:

20 usec/division.

Fig. 12 - Current oscillogram
of the 20-kv underwater dise
charge shown in Fig. 10 (a).
Vertical scale: 10,000 amp/
division; horizontal scale:
1 usec/division

Fig, 13 - Current oscillogram of
exploding wire in air. Wire and
initial circuit conditions as for
Fig. 12. Vertical scale: 10,000
amp/division; horizontal scale: 1
usec /division,
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Figure 14 shows a curve through the experimental points; the curve can be expressed
empirically beyond 11 kv by P_ ~ 0.417* V0.158(V)172 - 0.52, Beyond 20 kv (100 joules),
the curve appears linear. This part of the curve agrees with underwater spark work by
Caulfield (13a) and Gardner (14a) which indicated that P, increased linearly with Vo over
the voltage ranges 6 to 12 kv and 12 to 25 kv.

CONSTANT QUANTITIES VARIED QUANTITIES RVED QUANTITIES
L+ 3259%10-9 HENRYS Vo 10~ 30KV Pmwe 200-480psi
C:05x10°6 FARADS E:25-22% JOULES

Rot 172-IN GAP LENGTH
WITH WIRE MATERIAL
INDICATED BELOW
GAGE - TO- WIRE

DISTANCE * € IN. DISCHARGE ENERGY E(JOULES)
25

225
I ! j

WIRE MATERIAL
5-MiL NICHROME
S-MiL LLAD
%-MiL COPPER
£opuL AL

NORMALIZED PEAK PRESSURE
L N Y

= ] i i 1 i

10 % 20 30
DISCHARGE VOLTAGE V,(KILOVOLTS)

Fig. 14 « Pcak pressure P_ vsdischarge voltage
V.. The pcak pressure is normalized to the aver-
ape peak pressure value from four explosive wire
tests conducted at 30 kv,

Sublimation Energy

The curve in Fig. 14 becomes more aonlinear between 20 and 10 kv when the energy
required to vaporize the wire (sublimination energy) becomes a larger percentage of
(1/2cvi. Sublimation energles for various materials are given in Table 1. In general,
the less energy required for wire sublimation, the more energy available for shock for-
mation. At 10 kv, as shown in Fig. 14, lead had the greatest P, value, followed by
aluminum, nichrome, and copper, respectively. When sublimation energy is small com-
pared to (V¥2)CV2 critically damped discharges will produce a greater P, than an
oscillating discharge. At 10 kv (25 joules), however, the lead wire produced the larger
P_ in spite of the fact that the discharge was underdamped compared to the aluminum
df'scharge (Fig. 15), The high frequency “hash” may be attributed to the spark gap switch
(15). At 300 joules on the other hand, 10-mii copper, 1-mil tungsten, 10-mil silver,
5-mil lead, and 5-mil nichrome all produced identical oscillatory current traces and
identical values of P, . In other words, if initial wire resistance influenced P, more
than the sublimation energy, a distinct difference in P_ should have been noticed.

Pressures recorded by Caggiano (4c) using different wire materials in a one-inch
gap at 10 kv (12,000 joules) are shown in Table 2. The pressures listed, which were
produced by 62-mil wires, had the greatest range and were chosen to minimize the influ-
ence of experimental scatter. The order of decreasing P, corresponds to the increase
in sublimation energies.
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Dotted line A of Fig. 14 represents the type of curve one obtains when the sublimation 1
energy becomes a large percentage of ( 1/ 2)Cvg (4. 1t is even possible to produce a pres- i
sure pulse when the sublimation energy is greater than ( 1/2)CV§ . This occurs because i
wire expansion can take place without requiring all of the wire mass to be vaporized. il
Solid, liquid, and vapor states may exist simultaneously in such an exploding wire (16). o

Dotted line B of Fig, 14 represents an extrapolation to zero psi. The calculated value
of ( 1/2CV ? using the zero psi voltage is within 10 percent of the sublimation energy of
nichrome. With refinements, such an extrapolation technique might provide a new method
for measuring sublimation energies of conducting materials which could be made into wire.

5«mil aluminum wire

5emil lead wire

Fig. 15 - Comparison of 10-kv (25 joules) discharge current
foridentical aluminum and lead wires, Inthis case the under-
damped discharge produced a greater P . Vertical scale:
5000 amp/division; horizontal scale: 1 usec/division,

Table 1
Sublimation Energy (S.E.)* for Various Wirest

Material | k(joules/in.-mils?) | Resistivity (ochmmeter)
Mg 0.137 4.6 x1078
Pb 0.138 22,0 x 1077
Ag 0.418 2.83
Al 0.357 1.63
Nichrome 0.572 100
T 0.569 3.2 \
Cu 0.612 1.72 5
w 1.130 5.51

#*8,E, = k1.D? where S.E. is in joules, L is length in inches,
and D is diameter in mils.

tValues from D.R. Stull and G,C. Sinke “Thermodynamic
Properties of the Elements,"” Washington, D.C.; American
Chemical Society, 1956, except for nichrome from
N.A. Brotopopov and V.M, Kul'garchuk, Soviet Physics-
Tech, Physics 6 (No. 5):399 (Nov, 1961).
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Table 2
p_ for 62-Mil Wires *

Sua%;lt(il% )@l}e%r)gy Material | p_(psi)
5 Mg 1500
10 Al 880
16 Ti 660
20 Cu 480
| 3% | w 400

“Ref, (4a)

CONDITIONS FOR GREATEST P

Experimental results from sparks and exploding wires will be used to qualitatively
state initial (t - 0) parameter conditions which will tend to produce the greatest P,

Voltage

As indicated in Flg. 14 and i thc literature, for v, greater than a certain mintmum
value an increase in v, produces an approximately linear increase in P, . This approxi-
mate linearity applies only to wires for which sublimation energy is small compared to
(1/2)cv?. The valuc of v, is limited by the capacitor ratings, circuit insulativn, and
corona losses. The last two limitations present little difficulty under 30 kv.

Inductance

Spark work by Bailitis (17) and Caulfield (13a), along with exploding wire test by
Caggiano, et al. (4e), indicate that an increase in P requires a decrease in L. Suificient
agreement between the above experiments allows the following statement: P a .
The most effective way to reduce inductance is to parallel a number of the low-inductance
coaxial cables which are used to connect the underwater gap to the capacitor bank.

Capacitance

Changes in the capacitance C apparently have little influence on p_. Spark work by
Gardner (14b) indicates that beyond 150 joules, capacitance changes from 3 to 16.3 uf
had little, if any, effect on P_. 7 aulfield (13b) reports that while capacitance was varied
from 8 to 500 .f, P remained nearly constant, The increase in C naturally increased
(1/2) cv, but the additional energy went into the shock wave, as an increase in shock
wave duration or area under the curve, not as an increase in P _.

Resistance

Since the resistance of an exploding wire is an unknown function of time, linear LR C
analysis cannot be used to indicate the initial resistance R, which will give an optimum
P, for agiven L,C, and v, The initial resistance R, can be controlled by gap or
wire length, along with wire size and material. By choosing smaller diameter wires,
sublimation energy can be held to a minimum and wire material becomes unimportant.

Varying R, then becomes a matter of changing the gap length.
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Optimum P, will be abtained when the discharge is approximately critically damped.
Upon observing the current, if the discharge is oscillatory, that is, if ¥/LC > 4L, an
increase in gap length will increase damping and P,

Studies indicate that longer gaps produce greater P (14c, 4f, 18). Figure 18 com-
pares P,/ from 5-mil nichrome with 0.5- and 2.5-in. gap lengths, For sparks, the gap
length is limited by breakdown potential. Wire length limitations, aside from sublimation
effects, have not been determined as yet.

To provide maximum transfer of energy to the exploding wire rather than to the
spark switch and joule heating of the leads, circuit resistance should be kept as low as

posgsible, that is,
Ryw * Rycpas *< Rg:

{a) (b}

Fig. 16 - Variation of the peak pressure P as the 5-mil
nichrome wire length is incrcased from (a) 0.5 in.to
(b} 2.5 in, The discharge voltage v, is 34.5kv (300 joules).
Vertical scale: {a) 110 psi/division, (b) 220 psi/division;
horizontal scale: 20 usec/division for both cases.

Geometry
An expression by Gardner (5)

0.6
xPo (22,

P, N
(2D,)1:15

G 0.55,

where

Py, = peak plasma wall pressure

initial plasma radius
gap length
perpendicular distance between wire and gage,

(2}
u

Dl
indicates that larger gap lengths and shorter gage-to-wire distances (D,) allow greater
measured P, at a distance D, .

Reproducibility
Reproducibility may be defined as the degree of closeness obtained when a given

quantity is measured repeatedly., The standard deviation o will be used to express
reproducibility:

e s
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o =<_1_
n-1
i

ff, = mean or average value of P

M:

‘P',,. * Pmilz) 12

1

where

P, =aparticular value of P .

The standard deviation {ui two series of discharges with a one-in, gap using 10-mil cop-
per wire at 20 kv (100 joules) are listed below.

Series  No. of Discharges Standard Deviation (%)

A 12 2.01
B 11 1.48

Both series were taken with the same parameter values. Extremely fine copper residue
suspended in the water may have changed water conductivity enough to allow further
scatter than one would receive with aluminum or nichrome wire. When using fresh
water, the lack of electrode insulation normally presents no problem compared to spark
gaps, which require watertiglit insulation for the ungrounded clectrode. Pressure oscil-
fug. ams (Fig. 17) obtained {from 5-mil aluminum wire (using the oscilloscope delay
sweep) show two consecutive discharges.

Empirically, the important conditions for reproducibility are (a) to control initial
capacitor voltage, and (b) to maintain a fixed length of exploded wire.

Work by Gilstein (19) indicates that standard deviations for bubble pulse character-
istics are less than 3 percent.

Fig. 17 - Shock reproducibility
is shown bytwo consecutive 28+
kv discharges with l-in.-long,
S5-mil aluminum wire, Vertical
scale: 400 psi/division; hori-
zontal scale: 10 nsec/division,

SUMMARY
The essential results may be summarized as follows:
1. Reproducibility of P, values can be controlled to within 2 percent.

2. Sublimation energies of exploding wires (0.5-in. long, 5-mil diam) were found to
within 10 percent by extrapolating the P_ versus V, curve to zeroP .

3. When the sublimation energy is small compared to (1/2) Cv2,the wire material
and initial wire resistance (using straight wire) has no effect on P_.

4, Experiments 8t NRL and elsewhere indicate that the circuit parameters (when
sublimation energy effects can be neglected) atfect p_ as follows.

— e e = e st AT L DM T e e T T T UL T e
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a. A voltage increase causes a near-linear increase in P_
b. An inductance increase causes P, to decrease according to P a 1/

c. Capacitance has little effect on p

d. Initial gap resistance R, (to obtain the greatest P, for a given V,,L, and C)
should be set so that:

(1) R-wuch * Rypads << RO

(2) Gap length is as long as possible

e. Geometry - larger gap lengths and shorter gage-to-wire distances allow a
greater measured P,
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